Comprehensive proteomics analyses of spliceosomal complexes are currently limited to those in humans, and thus, it is unclear to what extent the spliceosome's highly complex composition and compositional dynamics are conserved among metazoans. Here we affinity purified Drosophila melanogaster spliceosomal B and C complexes formed in Kc cell nuclear extract. Mass spectrometry revealed that their composition is highly similar to that of human B and C complexes. Nonetheless, a number of Drosophila-specific proteins were identified, suggesting that there may be novel factors contributing specifically to splicing in flies. Protein recruitment and release events during the B-to-C transition were also very similar in both organisms. Electron microscopy of Drosophila B complexes revealed a high degree of structural similarity with human B complexes, indicating that higher-order interactions are also largely conserved. A comparison of Drosophila spliceosomes formed on a short versus long intron revealed only small differences in protein composition but, nonetheless, clear structural differences under the electron microscope. Finally, the characterization of affinity-purified Drosophila mRNPs indicated that exon junction complex proteins are recruited in a splicing-dependent manner during C complex formation. These studies provide insights into the evolutionarily conserved composition and structure of the metazoan spliceosome, as well as its compositional dynamics during catalytic activation.
Pre-mRNA splicing is catalyzed by the spliceosome, a large RNP molecular machine consisting of the U1, U2, U4/U6, and U5 snRNPs plus a multitude of non-snRNP proteins (reviewed in reference 59). Spliceosome assembly is an ordered, highly dynamic process that leads to the stepwise formation of the catalytic site(s) responsible for catalyzing the excision of an intron of a pre-mRNA and ligation of its flanking exons (reviewed in reference 59). Initially, the U1 snRNP interacts with the conserved 5Ј splice site (5Ј ss) of the pre-mRNA, forming the spliceosomal E complex, and in the next step the U2 snRNP stably interacts with the pre-mRNA's branch site, leading to the A complex (i.e., prespliceosome). The preformed U4/U6.U5 tri-snRNP particle then interacts with the A complex to generate the precatalytic B complex. The latter is converted to the catalytically activated B* complex, a process involving major RNP rearrangements, including destabilization or loss of the U1 and U4 snRNPs. The first step of splicing subsequently ensues and involves a nucleophilic attack of the branch point adenosine at the 5Ј ss, generating a cleaved 5Ј exon and intron-3Ј exon lariat intermediate. The spliceosomal C complex is formed at this time and subsequently catalyzes the second step of splicing, which entails intron excision and concomitant ligation of the 5Ј and 3Ј exons to form mRNA. The mRNA, in the form of an RNP, is then exported to the cytoplasm for translation by the ribosome.
During spliceosome assembly, a complex RNA-RNA network involving the snRNAs and pre-mRNA is formed (reviewed in references 37 and 51) . This RNA-RNA network plays a central role in juxapositing the reactive groups of the pre-mRNA (i.e., the 5Ј ss, 3Ј ss, and branch site). RNA structures involving U2 and U6 snRNA play crucial roles in the catalytic core of the spliceosome, with nucleotides of U6 directly involved in the catalysis of pre-mRNA splicing (reviewed in reference 55).
Proteins also play an essential role in splicing, both during spliceosome assembly and the catalytic steps of splicing. Recent analyses have demonstrated that the spliceosome is an extremely protein-rich molecular machine (reviewed in references 23 and 59). In humans, more than 50 proteins are recruited to the spliceosome as stable components of the spliceosomal snRNPs. In addition to these proteins, over 100 non-snRNP proteins are associated with human spliceosomes, as determined by mass spectrometry (MS) of affinity-purified spliceosomal complexes (11, 20, 22, 30, 31, 40, 61) . MS studies of human spliceosomal complexes isolated at defined assembly/functional stages, including the A, B, and C complexes (3, 5, 11, 20, 22, 30, 31) , further revealed that the spliceosome's protein composition is highly dynamic, with a major compositional change occurring during the transition from the precatalytic B complex to the catalytically active C complex. The ability to isolate human spliceosomes has also led to major advances in the elucidation of their structure. Higher-order structures at a resolution of 30 to 40Å have been obtained for affinity-purified human spliceosomal A, B, B⌬U1 (i.e., B lacking U1), and C complexes by using single-particle electron microscopy (EM) (3, 7, 11, 24) .
The spliceosome assembly pathway and catalytic mecha-nisms of pre-mRNA splicing are generally conserved among higher and lower eukaryotes. Splice site and branch site consensus sequences are also largely conserved among metazoans, including Drosophila melanogaster and humans (29, 35, 48) . However, there are some differences between vertebrates and Drosophila, including (i) a lower incidence in Drosophila of a G nucleotide preceding the branched nucleotide in the branch point sequence (BPS) and (ii) the absence of a polypyrimidine tract between the BPS and 3Ј ss in many Drosophila introns (35) . Furthermore, in contrast to the situation in humans, where more than 90% of introns are longer than 130 nucleotides (nt), a large percentage (54%) of Drosophila introns are less than 80 nt in length, with most having lengths from 59 to 67 nt (29, 35) . Most of these "short" introns cannot be spliced in mammals, where the minimum intron length required for splicing is ϳ80 nt (18, 58) . In the case of long introns, splice site pairing is thought to be first established across the exon (so-called exon definition) and, at a later stage, cross-intron interactions are established (4, 41) . In contrast, the initial pairing of the splice sites of short introns is thought to occur across the intron (52) . Whereas biochemical approaches have been extensively used to identify spliceosomal proteins in mammals, Drosophila has been primarily used to study regulated splicing events by using genetic approaches (reviewed in reference 6). Indeed, a large percentage of Drosophila pre-mRNAs are subject to alternative splicing (8) , and several regulated splicing events in Drosophila have been well characterized (reviewed in references 14 and 39) . With the completion of the sequence of the Drosophila genome, bioinformatics approaches confirmed the presence of D. melanogaster homologues of most human snRNP proteins, as well as many non-snRNP spliceosomeassociated proteins (36) . These proteins are generally highly conserved and more closely related to their human, as opposed to Saccharomyces cerevisiae yeast, counterparts (36) . Biochemical/genetic approaches have also identified Drosophila orthologues of a subset of human splicing factors. However, to date, Drosophila spliceosomes have not been affinity purified, nor has their protein composition been determined. Thus, it is not clear to what extent the protein compositions of human and fly spliceosomes are conserved. Likewise, it is not known whether the exchange of proteins, particularly during catalytic activation of the spliceosome, is conserved between these two evolutionarily distant organisms. MS analyses of spliceosomes from Drosophila melanogaster might provide insights into the "core proteome" of the metazoan spliceosome.
During splicing, the mRNA is bound by several proteins that affect its subsequent metabolism, including its export from the nucleus, its localization in the cytoplasm, the efficiency of its translation in the cytoplasm, and its susceptibility to nonsensemediated decay (NMD) (reviewed in reference 34). In vertebrates, a multiprotein complex, termed the exon junction complex (EJC), associates with the mRNA in a splicing-dependent but sequence-unspecific manner approximately 20 to 24 nt upstream of the exon-exon junction, protecting this region against RNase H cleavage (28) . The EJC consists of four stably associated core proteins, eIF4AIII, MLN51, Magoh, and Y14, plus a number of factors that bind transiently or less stably (53, 54) . D. melanogaster homologues of the main components of the human EJC have been identified, and several factors have been studied extensively (16, 19, 38, 49) . However, it is not known in the fruit fly whether an EJC is deposited onto the mRNA as a consequence of pre-mRNA splicing.
To learn more about the evolutionarily conserved composition of the spliceosome, as well as the dynamics of spliceosomal protein recruitment/release, we have affinity purified Drosophila spliceosomal B and C complexes assembled in Kc cell nuclear extract and determined their composition by using MS. For comparative purposes, we also isolated B complexes formed on an identical substrate (the fushi tarazu pre-mRNA) in HeLa nuclear extract. These studies revealed a remarkable conservation of spliceosome-associated proteins in two evolutionarily distant organisms but also identified apparent Drosophila-specific splicing factors. Negative-stain EM revealed that the two-dimensional (2D) structure of the Drosophila B complex is also highly similar to that of the human B complex, consistent with a conservation of higher-order interactions within both spliceosomes. We also isolated spliceosomal B complexes formed on a short Drosophila intron (Zeste62) and show that although their protein composition differs only minimally from Ftz B complexes, structural differences are observed under the electron microscope. A comparison of Drosophila B and C complexes further revealed that the recruitment and release of factors during the conversion of the catalytically inactive B complex to the catalytically active C complex is also largely conserved between humans and flies. Lastly, we affinity purified spliced and unspliced mRNPs from Drosophila Kc cell nuclear extract and determined their protein composition by MS. These studies revealed that, as in humans, components of the EJC are deposited onto the mRNA in a splicing-dependent manner.
MATERIALS AND METHODS
Construction of plasmids and in vitro transcription. PCR products containing a fragment of the D. melanogaster fushi tarazu gene consisting of either exon 1, intron 2, and exon 2 (Ftz) or solely exon 1 and exon 2 (Ftz⌬I) plus three MS2 RNA aptamers at their 3Ј end were generated by PCR-based techniques and used as templates for the transcription of Ftz-M3 pre-mRNA or Ftz-M3 mRNA, respectively. Ftz pre-mRNA lacking a 3Ј ss and 3Ј exon but containing an elongated (29 nt) polypyrimidine tract was generated from the wild-type Ftz pre-mRNA template (pFtz-M3) by PCR-based techniques. The resulting PCR product was then cloned into a plasmid (pUC18-MS2) downstream of three MS2 RNA aptamers, generating pM3-Ftz-longPYT. A fragment of the D. melanogaster Zeste gene, comprising part of exon 2, the 62-nt-long intron 2, and a portion of exon 3, was amplified from genomic DNA by PCR using the primers 5ЈGGGGTACCA ATGATCTGCTGCACTTCAAGACAG-3Ј (ZesteForKpn1) and 5Ј-CGGGATCC GGCGGTAATTGTGGCCATTGG-3Ј (ZesteRevBamH1). The resulting PCR product was then cloned into pUC18-MS2 upstream of three MS2 RNA aptamers, generating pZeste62-M3. Uniformly 32 P-labeled m 7 G(5Ј)ppp(5Ј)G-capped premRNAs were synthesized in vitro by T7 runoff transcription in the presence of [␣ 32 P]UTP (GE Healthcare). In vitro splicing. Drosophila Kc cells were cultivated in suspension at room temperature in EX-Cell 420 serum-free medium for insect cells. Kc cell and HeLa nuclear extract were prepared essentially according to the method in reference 12. In vitro splicing reactions contained 40% Kc cell or HeLa nuclear extract in buffer D (20 mM HEPES-KOH, pH 7.9, 20% [vol/vol] glycerol, 100 mM KCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 1 mM dithioerythritol, 0.5 mM phenylmethylsulfonyl fluoride, and in the case of Kc cells, 0.05% NP-40), 5 mM ATP, 20 mM creatine phosphate, and 4.5 to 7.5 nM of 32 P-labeled pre-mRNA or mRNA (specific activity, ϳ100 dpm/fmol). The final concentration of MgCl 2 was adjusted to 4 mM (Kc) or 3 mM (HeLa), and HEPES-KOH (pH 7.9) was adjusted to 22 mM in both cases. Splicing reaction mixtures were incubated at 22°C (Kc) or 30°C (HeLa). For analysis of splicing, RNA was recovered and separated on an 8 M urea-12% polyacrylamide gel and detected by autoradiog-raphy. Spliceosomal complexes were analyzed on native 3.5% polyacrylamide gels essentially as previously described (27) .
MS2 affinity purification. Recombinant MBP-MS2 fusion protein was expressed in Escherichia coli and purified essentially as described previously (22) . To isolate spliceosomal complexes or mRNPs, pre-mRNA or mRNA was incubated with a 20-fold molar excess of purified MBP-MS2 fusion protein for 30 min on ice prior to addition to the splicing reaction mixture. To isolate B complexes, Ftz-M3 or Zeste62-M3 pre-mRNA was incubated in Kc nuclear extract for 8 or 20 min, respectively, or Ftz-M3 was incubated in HeLa nuclear extract for 6 min under splicing conditions. To isolate C complexes or mRNPs, pre-mRNA or mRNA was incubated for 180 min in Kc nuclear extract under splicing conditions. To isolate C complexes, two DNA oligonucleotides complementary to the Ftz 5Ј exon (at nt Ϫ6 to Ϫ17 [5Ј-TCGATGTGCGAC-3Ј] and nt Ϫ18 to Ϫ30 [5Ј-GCCAAAGTCTCC-3Ј] relative to the 5Ј ss) or, to isolate mRNPs, DNA oligonucleotides complementary to intronic sequences of Ftz-M3 pre-mRNA (5Ј-GTTGTTAATCGTGTGT-3Ј and 5Ј-GTAAGCATAAGCAAAG-3Ј) were added subsequently at a 100-fold molar excess, and the reaction mixture was incubated for an additional 20 min at 22°C to allow cleavage by RNase H present in the extract. In vitro splicing reaction mixtures were then loaded onto linear 10-to-30% (vol/vol) glycerol gradients containing GP150 buffer (20 mM HEPES-KOH, pH 7.9, 150 mM NaCl, 1.5 mM MgCl 2 ). The gradients were centrifuged at 23,400 rpm in a Surespin 630 rotor (Sorvall) for 15 h 45 min at 4°C and harvested manually in 1.5-ml fractions from the top. The peak fractions containing B/C complexes or mRNPs were determined by Cherenkov counting and then pooled prior to being applied to an amylose-Sepharose column. After being washed with 40 column volumes of GP150 buffer, bound complexes were eluted with GP150 buffer containing 15 mM maltose. RNA and protein of the eluates were recovered and analyzed by denaturing polyacrylamide gel electrophoresis (PAGE) or sodium dodecyl sulfate-PAGE, respectively. RNA was visualized by silver staining or autoradiography and protein by staining with Coomassie blue. The stoichiometry of the snRNAs and pre-mRNA/splicing intermediates was determined by visual inspection of the silver-stained bands, taking into consideration the length of the individual RNAs.
MS and BLAST searches. To identify proteins by MS, proteins were separated by one-dimensional (1D) PAGE (4 to 12% NuPAGE bis-Tris; Invitrogen) and entire lanes of the Coomassie-stained gels were cut into 25 slices of equal dimensions, irrespective of the visual presence or absence of a protein band. MS was performed after digestion of proteins in-gel, and peptides were analyzed on a liquid chromatography (LC)-coupled electrospray ionization quadropole timeof-flight (Q-Tof; Waters) mass spectrometer and/or a linear ion trap (4000 QTrap; Applied Biosystems) mass spectrometer as previously described (11) . Human homologues of the identified Drosophila proteins (or vice versa) were identified by performing BLAST searches using the NCBI server.
EM. For EM, eluted complexes were fixed by being loaded onto a 4.4-ml, linear 10-to-30% glycerol gradient containing 0.1% gluteraldehyde in the 30% gradient solution (26) and centrifuged for 107 min at 60,000 rpm (374,000 ϫ g). Gradients were subsequently fractionated from the bottom by using a fraction collector. Particles were negatively stained by the double-carbon-film method (25) . Images were recorded with a calibrated CM120 EM (FEI, Eindhoven, The Netherlands) at a magnification of 88,000 or 115,000 in eucentric height at a defocus of approximately 1.5 m. The microscope was equipped with a TemCam F224A digital camera (TVIPS, Gauting, Germany). Following a reference-free alignment (13) , images were subjected to multivariate statistical analysis and classification (13, 56, 57) . The resulting 2D class averages were in turn used as a reference during subsequent rounds of alignment until stable classes were achieved.
RESULTS
Kinetics of splicing of Ftz-M3 pre-mRNA in Kc and HeLa nuclear extract. To isolate Drosophila melanogaster spliceosomal complexes, the fushi tarazu (Ftz) pre-mRNA substrate, which is derived from the naturally occurring Drosophila fushi tarazu gene and was shown previously to be spliced efficiently in both HeLa (43) and Drosophila nuclear extract (45) , was used. For MS2 affinity purification, three MS2 binding sites were added to the 3Ј end, generating Ftz-M3 pre-mRNA (Fig.  1A) . In vitro splicing was performed for 0 to 180 min with nuclear extract prepared from Drosophila melanogaster Kc cells or HeLa cells and in vitro-transcribed 32 P-labeled Ftz-M3 premRNA. RNA was recovered and analyzed on a denaturing polyacrylamide gel. Splicing intermediates were first observed after 10 min and 8 min in Kc and HeLa nuclear extract, respectively, whereas splicing products were visible after 12 min (Kc) and 10 min (HeLa) ( Fig. 1B; see Fig. S1A in the supplemental material). As determined by native gel electrophoresis, spliceosomal B and C complexes were formed in Kc nuclear extract after 4 min and 12 min of incubation, respectively (Fig.  1C, lanes 4 and 8) . Similar kinetics of splicing complex formation (4 min and 10 min for B and C, respectively) were observed with HeLa nuclear extract (see Fig. S1B in the supplemental material). To isolate B complexes with little or no C complex contamination, splicing was thus performed for 8 min in Kc nuclear extract and for 6 min in HeLa nuclear extract. Isolation of spliceosomal B complexes assembled on MS2-tagged Ftz pre-mRNA in Kc or HeLa nuclear extract. For the preparative isolation of human and Drosophila B complexes, the Ftz-M3 substrate was first incubated with MS2-MBP fusion protein prior to its addition to a splicing reaction mixture. Spliceosomes were then allowed to form for 8 (Kc) or 6 (HeLa) min, and the splicing reaction mixture was subsequently subjected to glycerol gradient centrifugation in order to separate B complexes from other spliceosomal complexes (such as the A complex) and also from excess MS2-MBP protein. The distribution of spliceosomal complexes in the gradient was determined by measuring the amount of radiolabeled RNA in each fraction. As shown in Fig. 2A , two main peaks are apparent, one in fractions 9 to 13 (Drosophila) or 11 to 15 (human) which corresponds mainly to a mixture of A and H complexes and a second peak in fractions 17 to 19 which corresponds to the B complex. Thus, Drosophila and human spliceosomal B complexes exhibit very similar sedimentation coefficients, with complexes from both species migrating in the 40S to 45S region of the gradient. In contrast, human H and/or A complexes exhibit a slightly higher sedimentation coefficient (ϳ25S) than their Drosophila melanogaster counterparts (ϳ20S).
Fractions 17 to 19, i.e., the peak fractions containing B complexes, were pooled and applied to amylose-coated Sepharose beads. After extensive washing, spliceosomes were eluted under native conditions with an excess of maltose, and their RNA and protein were subsequently analyzed by denaturing PAGE. The eluate of both Drosophila and human Ftz-M3 complexes contained nearly equimolar amounts of uncleaved pre-mRNA, as well as U1, U2, U4, U5, and U6 snRNA (Fig.  2B , upper panel, lanes 3 and 6), consistent with their designation as B complexes. The near-stoichiometric levels of U4 and U1 indicate that predominantly B and not activated B* complexes were isolated. Only small amounts of intron-lariat (5 to 6% as quantitated by phosphorimager analysis) but no splicing products were detected after autoradiography (Fig. 2B , lower panel, lanes 3 and 6). Thus, precatalytic spliceosomal B complexes of high purity (as judged by the absence of contaminating RNAs), with only minor amounts of contaminating B* and C complex, could be purified from Kc and HeLa cell nuclear extract.
Protein composition of affinity-purified Drosophila and human B complexes formed on Ftz pre-mRNA. Proteins isolated from affinity-purified Drosophila and human B complexes were separated by 1D PAGE and visualized by Coomassie staining. Proteins were subsequently identified by LC-tandem MS (MS-VOL. 29, 2009 PROTEIN COMPOSITION OF DROSOPHILA SPLICEOSOMES 283 MS) and scored by the absolute number of peptides found in each preparation. The protein composition of precatalytic spliceosomal B complexes formed in Kc and HeLa extract was determined in two independent experiments and is summarized in Table 1 . Only proteins detected reproducibly by MS (i.e., in two out of two preparations) are shown in Table 1 ; proteins detected in only one preparation (see Table S1 in the supplemental material) are more likely to be contaminants and are therefore not included. The human homologue of the identified Drosophila protein (or vice versa) was determined by BLAST searches, and for simplicity's sake we use the name of the human homologue of a given Drosophila protein.
More than 120 proteins were identified reproducibly in Drosophila and human B complexes assembled on MS2-tagged Ftz pre-mRNA (Table 1) . Most proteins identified in Drosophila B complexes were also found in human B complexes. The proteins common to Drosophila and human B complexes included nearly all U1, U2, U4/U6, and U5 snRNP-associated proteins. A large number of non-snRNP proteins were also shared by Drosophila and human Ftz B complexes. For example, several pre-mRNA and Kc or HeLa nuclear extract or Zeste62-M3 pre-mRNA and Kc nuclear extract were subjected to glycerol gradient centrifugation. The radioactivity contained in each gradient fraction was determined by Cherenkov counting and expressed as the percentage of the total 32 P-RNA loaded onto the gradient. Sedimentation coefficients (indicated by arrowheads) were determined by analyzing the UV absorbance of fractions of a reference gradient containing prokaryotic ribosomal subunits. (B) Gradient fractions 17 to 19 containing Ftz B complexes formed in Kc (lanes 1 to 3) or HeLa (lanes 4 to 6) extract or Zeste62-M3 B complexes formed in Kc extract (lanes 7 to 9) were pooled and subjected to MS2 affinity selection. Bound complexes were eluted with maltose, and RNA was recovered, separated by denaturing PAGE, and visualized by silver staining (upper panel) or by autoradiography (lower panel). Lanes 1, 4, and 7, 2% of the input (I) pooled gradient fractions. Lanes 2, 5, and 8, 2% of the flowthrough (FT) of the amylose column. Lanes 3, 6, and 9, 25% of the eluted (E) spliceosomal complexes. The positions of the snRNAs, unspliced pre-mRNA, and splicing products/intermediates are indicated on the right. VOL. 29, 2009 PROTEIN COMPOSITION OF DROSOPHILA SPLICEOSOMES 285 splicing (except Prp17) and most components of the EJC and TREX complexes were absent or not consistently identified. These data indicate that both human and Drosophila Ftz B complexes are largely devoid of any contaminating C complexes. Taken together, our results demonstrate that Drosophila homologues of the majority of proteins found in human spliceosomes are also present in Drosophila spliceosomes. Despite similarities in their compositions, some notable differences also exist. Human B complexes contain a few proteins not found in their Drosophila counterparts, including, among others, the DEAD box protein DDX9, ELAV, components of the RES (retention and splicing) complex, and the mRNP/ EJC-associated proteins Aly/REF, UAP56, and ELG (Table  1) . Differences between Drosophila and human B complexes formed on Ftz-M3 pre-mRNA are also seen in the subset of SR proteins that are detected. Whereas SFRS12 was exclusively present in Drosophila B complexes, 9G8, SRp38, and SRp30c appear to be specifically associated with human Ftz B complexes. The extensive homology between members of the hnRNP protein family does not allow a conclusive assignment of Drosophila homologues on the basis of data from BLAST searches. Nonetheless, it is clear that the Drosophila B complex contains significantly fewer proteins of the hnRNP protein family, despite the fact that the hnRNP protein family in Drosophila appears to be nearly as complex as that in humans (32) . Only the hnRNP protein CG17838 was consistently found in purified Drosophila Ftz B complexes, in comparison with over 15 different hnRNP proteins in human complexes. This indi- a Proteins were identified by LC-MS-MS after separation by PAGE. Proteins identified in two out of two or two out of three preparations are shown (preparations are numbered 1, 2, and 3). Proteins not reproducibly detected are summarized in Table S1 in the supplemental material. Proteins generally accepted to be common contaminants, such as ribosomal proteins, are not shown. NH, no apparent/unambiguous homologue could be detected by BLAST searches at NCBI.
b The name of the human protein is given to aid comparison with previous studies of human spliceosomal complexes. Proteins are grouped in organizational and/or functional subgroups.
c The presence of a protein is indicated by a number which represents the absolute number of peptides sequenced for that protein (see Materials and Methods for details).
d Data from previous proteomics studies of MS2-affinity-selected human B and C complexes formed on an adenovirus-derived pre-mRNA substrate (MINX) (11) or PM5 pre-mRNA (5), respectively, are also included.
•, presence of a given protein in these previously analyzed complexes.
e OE, homologues could not be assigned on the basis of BLAST data. f -, extensive homology between protein family members prevents assignment of Drosophila homologues on the basis of BLAST data. cates that, in general, fewer hnRNP proteins associate with the pre-mRNA in Drosophila nuclear extract, which could explain why Drosophila H/A complexes exhibit a lower S value than their human counterparts (Fig. 2) . Interestingly, several proteins, including IGF2BP1, RACK1, ZFR2, RBM15B, RBM42, and the hnRNP proteins D, K, L, U, and UL2, were associated with human B complexes formed on Ftz-M3 pre-mRNA but were not detected previously in affinity-purified human B complexes formed on the MINX-M3 substrate (11) . As different pre-mRNA substrates were used in these studies but the conditions used to isolate B complexes were identical, these proteins might represent substrate-specific components or, alternatively, contaminants. A number of proteins that were detected in Drosophila Ftz B complexes were absent from human Ftz B complexes. These include, among others, the U1-associated protein FBP11 and the splicing factor SF1. Interestingly, several Drosophila-specific proteins were identified whose human homologue either was not previously found in spliceosomal complexes or simply could not be identified by BLAST searches. Several of these newly identified, spliceosome-associated proteins possess motifs found in many human spliceosomal proteins, such as an RRM or zinc finger (see Discussion for details). Many of them were also found in B complexes formed on a second premRNA substrate (Zeste62) and/or in Drosophila C complexes, suggesting that they are bona fide spliceosomal proteins and not contaminants. These data provide first insights into the Drosophila spliceosome at the level of the B complex and illustrate that its protein composition is very similar to that of humans. However, despite this remarkable conservation in composition, novel factors were also identified, some of which have no apparent counterparts in humans.
Affinity selection of D. melanogaster B complexes assembled on the short intron of the Zeste gene. To purify D. melanogaster spliceosomal B complexes assembled on a short intron, we constructed a pre-mRNA substrate containing the 62-nt Zeste intron plus flanking exon sequences and three MS2 binding sites at its 3Ј end (Fig. 1D) . The Drosophila 62-nt Zeste intron contains a polypyrimidine tract (in contrast to many other short Drosophila introns), and it has been shown previously to be spliced in vitro in Drosophila nuclear extract (52) . When in vitro splicing was performed with Kc nuclear extract, splicing intermediates were first observed after 25 min (Fig. 1E, lane 5 ) and products after 50 min (lane 9). Native gel analysis revealed that B complexes first formed after 15 min of incubation (Fig.  1F, lane 3) . A diffuse band migrating above the B complex appeared after 30 min and most likely corresponds to the C complex (Fig. 1F, from lane 6) . Therefore, the 20-min time point was chosen to purify Zeste62 B complexes.
B complexes formed on the Zeste62-M3 pre-mRNA substrate were affinity-selected as described above for Ftz B complexes, except that splicing was performed for 20 min. Drosophila spliceosomes formed on Zeste62-M3 pre-mRNA exhibited a sedimentation behavior identical to that of those formed on Ftz-M3 pre-mRNA ( Fig. 2A) , i.e., H and A complexes peaked in fractions 9 to 13 (ϳ20S to 25S) and B complex in fractions 17 to 19 (ϳ45S). Affinity-purified complexes (Fig.  2B , left panels) contained nearly equimolar amounts of uncleaved pre-mRNA, as well as U1, U2, U4, U5, and U6 snRNAs. Neither splicing intermediates nor products could be identified in the eluate by autoradiography, confirming that highly pure precatalytic B complexes had been isolated.
Protein composition of affinity-purified Drosophila B complexes formed on Zeste62-M3. Proteins recovered from purified Zeste62-M3 B complexes were separated by 1D PAGE and subsequently identified by LC-MS-MS. The protein composition of Drosophila B complexes assembled on Zeste62-M3 and Ftz-M3 pre-mRNA is highly similar (Table 1 ). In addition to those proteins shared by Drosophila and human Ftz B complexes, most proteins present in Drosophila Ftz-M3 B complexes but absent from human Ftz-M3 B complexes were also found in Zeste-M3 B complexes. Proteins identified in both Drosophila B complexes are strong candidates for being bona fide spliceosomal proteins commonly found in all Drosophila B complexes, irrespective of the pre-mRNA substrate.
Zeste62-M3 B complexes contained several proteins not detected in Drosophila Ftz-M3 B complexes. These include proteins whose homologue was previously detected in human spliceosomes, such as RBM10; HCNGP; AGGF1 (an A complex-associated protein in humans; 3); SPF45, a U2-associated protein with a dual function in alternative splicing and DNA repair (10); PPIL4; Abstrakt; Q9BRR8; MORG1; and the EJC-associated protein Acinus. Zeste62-M3 B complexes also contained three additional SR proteins (9G8, Tra2, and Rbp1-like/Srp20), as well as the hnRNP proteins hrp40.2 and CG30122. Proteins not previously detected in human spliceosomal complexes that were solely found in Zeste B complexes include the Drosophila homologues of SLC7A2, NCOA5, and DNAJC17, as well as the Drosophila protein CG5343. Whether these proteins contribute specifically to the assembly/function of spliceosomes on short introns is currently not clear.
In contrast, only a few proteins were reproducibly detected in Drosophila Ftz B complexes but were absent from Zeste62-M3 B complexes. These include Kin17 (hsKin17), which was previously detected in human spliceosomal complexes, and the newly identified proteins PRPF38B and CG13597, a protein of unknown function with no clear human homologue. Both of these proteins are only represented by one or two peptides in Ftz-M3 B complexes, so it is possible that they have been partially lost during purification or that they might simply be contaminants. On the other hand, these differences in composition may in some cases be due to substrate-specific differences, including intron length. Taken together, there appear to be only small differences in the composition of B complexes assembled on the "short" Zeste62 intron and the "long" Ftz intron.
EM of D. melanogaster spliceosomal B complexes formed on Ftz-M3 pre-mRNA. To gain first insights into the structure of Drosophila melanogaster spliceosomes, MS2 affinity-purified Ftz B complexes were loaded onto a glycerol gradient containing glutaraldehyde in order to fix the particles (26) . Particles from the B complex peak gradient fractions were then negatively stained with uranyl formate for EM analysis. In Fig. 3A , a typical EM overview is shown on the left. The particles are evenly dispersed and appear to be intact, as no smaller fragments are visible. Individual particles of the most-prominent view are shown on the right, together with a schematic drawing of their general morphology. Drosophila B complexes exhibited a maximum dimension of ϳ40 nm. In the most-prominent view of the particles, two domains can be distinguished: a triangular body, which consists of three branches connected to a central mass, and a globular head region posi-VOL. 29, 2009 PROTEIN COMPOSITION OF DROSOPHILA SPLICEOSOMES 291 tioned toward one side of the body. The lower branch of the triangular body is referred to as the "foot," the massive upper branch as the "stump," and the slim branch as the "neck" (Fig. 3A, right) . The head is attached on the "neck-stump" side and consists of two regions: the elongated "head base" located close to the body and a globular domain "head top" located further away from the body. 2D class averages were generated, and a gallery of several representative class averages is shown in Fig. 3C (middle row) . Importantly, the general morphological features of the individual particles are also observed in the 2D class averages. A visual comparison with 2D class averages of human B complexes formed on an adenovirus-derived pre-mRNA substrate (MINX-M3) (Fig. 3C , upper row) reveals that the Drosophila B complex closely resembles its human counterpart in size, shape, and morphology, including apparent conformational heterogeneity in the head region as previously reported for the human B complex (11). Thus, not only the protein composition but also the structure of the Drosophila spliceosomal B complex is strikingly similar to its human counterpart. These data show a remarkable conservation of spliceosome composition and appearance across two evolutionarily distant organisms. EM analyses of D. melanogaster spliceosomal B complexes formed on Zeste62-M3 pre-mRNA. To investigate whether there are differences in the appearance of Drosophila spliceosomal B complexes assembled on long versus short introns, B complexes formed on the Zeste62-M3 pre-mRNA were also subjected to EM analyses. The EM overview (Fig. 3B , left panel) shows evenly dispersed particles of comparable size. A gallery of individual images of the most-predominant view of the particle, with a schematic drawing, is shown on the right. In contrast to Drosophila B complexes formed on the Ftz-M3 pre-mRNA, which appear rhombic in shape, Zeste62-M3 B complexes exhibit a more-compact, triangular appearance and also have slightly smaller dimensions (ϳ35-nm maximum); this is particularly apparent in the 2D class averages (Fig. 3C, lower  panel) . Nevertheless, the massive axis formed by the foot, central mass, and stump is clearly distinguishable. In addition, the head region of Drosophila Zeste62-M3 B complexes is smaller than this region of their human or Drosophila Ftz-M3 counterparts. Furthermore, an additional, crooked domain is visible at the distal tip of the foot in several class averages. Compared to Ftz-M3 B complexes, Zeste62-M3 B complexes exhibit more well-defined internal structures, indicating that they are structurally more homogeneous. In summary, the 2D projections of Drosophila B complexes assembled on Zeste62-M3 pre-mRNA have significant similarities with those of Ftz-M3 Drosophila B complexes. The observed structural dissimilarities could result from slight differences in the protein composition of these complexes, the smaller intron size, and/or differences in the orientation of particles on the carbon film.
Isolation of D. melanogaster spliceosomal C complexes assembled on an MS2-tagged Ftz pre-mRNA substrate lacking a 3 exon. To determine whether there is an exchange of D. melanogaster spliceosomal proteins during the B-to-C transition, we next set out to isolate Drosophila C complexes. Recently, highly pure and catalytically active human C complexes assembled on an MS2-tagged pre-mRNA substrate lacking a 3Ј ss and 3Ј exon were purified from HeLa nuclear extract and analyzed by MS (5). To isolate Drosophila C complexes, we modified the Ftz pre-mRNA substrate such that it contained a 5Ј exon with three MS2 binding sites, an intron with a branch site, and a 29-nt pyrimidine tract but lacked a 3Ј ss and 3Ј exon (Fig. 4A) . To test whether this substrate, designated M3-FtzlongPYT, was able to undergo the first step of splicing, in vitro splicing was performed with Kc nuclear extract. Splicing intermediates (i.e., excised 5Ј exon and lariat intron) were first observed after 30 min (Fig. 4b, lane 4) and accumulated at later time points. As expected, no splicing products were observed. Analysis of splicing complexes on a native polyacrylamide gel revealed that first A and B, and later, C complexes were formed (Fig. 4C) . After 180 min of incubation, a significant portion of unspliced pre-mRNA was still present and most likely represents earlier stages of spliceosomal assembly, i.e., H, E, A, B, and B* complexes. In order to reduce the amount of these contaminating complexes, RNase H digestion with DNA oligonucleotides complementary to nt Ϫ6 to Ϫ17 and nt Ϫ18 to Ϫ30 of the 5Ј exon (relative to the 5Ј ss) was performed. The levels of pre-mRNA, but not cleaved 5Ј exon, were reduced (Fig. 4B, compare lanes 7 and 9) . Visualization of splicing complexes on a native gel prior to and after cleavage by RNase H confirmed that the levels of H, A, and B complex, but not C complex, were reduced (Fig. 4C, cf. lanes 2 and 7 and  lanes 6 and 8) .
C complexes formed on the M3-Ftz-longPYT pre-mRNA were affinity purified under conditions identical to those described above for the purification of B complexes (i.e., at 150 mM salt and in the absence of heparin), except that splicing was performed for 180 min and was followed by RNase H digestion. Spliceosomal C complexes peaked in fractions 19 to 22 after glycerol gradient centrifugation, indicating that Drosophila C complexes exhibit a slightly higher sedimentation coefficient (ϳ50S) than B complexes (40S to 45S) (Fig. 4E) . Affinity-purified complexes contained splicing intermediates, U2, U5, and U6 but no U1 and U4 (Fig. 4D, upper panel) , consistent with their designation as C complexes. However, in addition to splicing intermediates, purified complexes also contained unspliced pre-mRNA (Fig. 4D, lower panel) . As both U1 and U4 were essentially absent, the latter complexes most likely represent activated B* spliceosomal complexes. Quantification of the radioactive bands corresponding to first-step intermediates and residual unspliced pre-mRNA revealed that the eluate contained ϳ75% C complex, with the remaining 25% presumably B* complexes.
Comparison of the protein compositions of Drosophila spliceosomal B and C complexes. Proteins present in affinitypurified Drosophila C complexes were separated by protein gel electrophoresis and subsequently identified by LC-MS-MS. Approximately 100 proteins were reproducibly identified, homologues of which were in most cases also previously found in human C complexes (Table 1) (5). Sixty of the C complexassociated proteins were also consistently observed in purified Drosophila Ftz B complexes. These include nearly all U2 and U5 snRNP proteins, Prp19/CDC5 complex and Prp19-related proteins, and most SR proteins, plus numerous other nonsnRNP proteins. If the protein composition of purified Drosophila Ftz B and C complexes is compared, several differences are apparent. As expected, U1 and U4/U6 snRNP proteins are lost during C complex formation, consistent with U1 and U4 snRNA dissociation. Note that the Drosophila protein sans-fille (snf) is the functional homologue of both U1-A and U2-BЉ and is therefore still represented in the table as a U1 snRNP protein. The apparent absence of LSm proteins is consistent with the results of previous studies in humans and yeast demonstrating the loss of these proteins during catalytic activation (5, 9) . Additional proteins lost include 17S U2-related proteins (e.g., SPF30 and U2AF35/65), tri-snRNP-specific proteins (110K, 65K, and 27K), and a number of non-snRNP proteins. Interestingly, there appears to be some general reduction in the peptide num-VOL. 29, 2009 PROTEIN COMPOSITION OF DROSOPHILA SPLICEOSOMES 293 bers observed for SF3a/b proteins, suggesting that, similar to the situation in humans (5), these proteins are also destabilized in Drosophila during the B-to-C transition (and thus less abundant in C complexes). However, additional studies, i.e., immunoblotting, will be required to clarify whether these proteins are truly underrepresented.
A number of proteins, on the other hand, were solely/predominantly identified in C complexes, indicating that they are recruited during catalytic activation or the first step of splicing. These include the known second-step factor Prp22 and DEAD box helicases and peptidyl-prolyl isomerases (PPIases) that were also identified in purified human C complexes (e.g., Abstrakt, DDX35, PPIL2, and PPIG) (5). Most factors comprising the core of the EJC in vertebrates (i.e., eIF4A3, Magoh, and Y14), as well as additional EJC-associated proteins, were either first detected in C complexes or appear to be more abundant in C than in B, as evidenced by an increase in the number of peptides identified. In addition, several proteins that were previously identified in purified human C complexes join Drosophila spliceosomes during the transition from B to C complex, namely cactin, SKIV2L2, NOSIP, CXorf56, DGCR14, NKAP, and CDK10. Further, there are additional putative novel spliceosomal proteins which appear to associate with the Drosophila spliceosome during the B-to-C transition.
These include, among others, three Drosophila proteins (CG11808, CG6209, and CG5877) without apparent homologues in humans. Previous studies reported that components of the Prp19/CDC5 complex and related proteins are more abundant in the human C complex than in the B complex, based on an increase in the number of peptides sequenced for these proteins and immunoblotting data (5). The apparent stabilization of these proteins during the B-to-C transition appears to occur in Drosophila as well, as there are consistently more peptides of these proteins detected in the Drosophila C complex than in the B complex. In summary, the compositional dynamics of the spliceosome during the transition from the precatalytic B complex to the catalytically active C complex are largely conserved between humans and flies.
MS2 affinity purification of spliced and unspliced Drosophila mRNPs. To determine whether EJC proteins are deposited on Drosophila melanogaster mRNAs in a splicing-dependent manner, we also affinity purified spliced and unspliced Ftz mRNPs. To isolate unspliced Ftz mRNPs, we constructed a substrate lacking the intronic region of Ftz-M3 pre-mRNA (i.e., corresponding to spliced Ftz-M3 mRNA; Ftz⌬I-M3) (Fig.  5A) . 32 P-labeled Ftz-M3 pre-mRNA or Ftz-M3 mRNA (from the construct lacking an intron) was incubated for 180 min under splicing conditions in Drosophila Kc cell nuclear extract. 22 ) was pooled and subjected to MS2 affinity selection. Bound complexes were eluted with maltose, and RNA was recovered, separated by denaturing PAGE, and visualized by silver staining (upper panel) or by autoradiography (lower panel). The positions of the snRNAs, unspliced pre-mRNA, and splicing products/intermediates are indicated on the right. (E) Splicing reaction mixtures containing Ftz-M3 pre-mRNA or M3-Ftz-longPYT pre-mRNA were subjected to glycerol gradient centrifugation. The radioactivity contained in each gradient fraction was determined by Cherenkov counting and expressed as the percentage of the total 32 P-RNA loaded onto the gradient. Sedimentation coefficients, indicated by arrowheads, were determined by analyzing the UV absorbance of fractions of a reference gradient containing prokaryotic ribosomal subunits.
After 180 min, a large portion of the pre-mRNA had been converted to mRNA (Fig. 5B, cf. lanes 4 and 5) . To reduce the amount of unspliced pre-mRNA or intron-containing intermediates, RNase H digestion was carried out with two oligonucleotides complementary to Ftz intron sequences. As shown in Fig. 5B , the addition of the oligonucleotides led to a reduction in pre-mRNA and intron lariat levels (cf. lanes 5 and 6). The levels of spliced and unspliced Ftz-M3 mRNA, on the other hand, remained unaffected.
Drosophila mRNPs were affinity purified under conditions identical to those described above for the purification of B and C complexes. mRNPs formed on spliced and unspliced Ftz-M3 mRNA exhibit a similar sedimentation behavior, with a main peak in both cases in fractions 10 to 12 (ϳ20S to 25S) (Fig.  5C) . In reactions performed with Ftz-M3 pre-mRNA, a second peak was observed in fractions 15 to 17 (ϳ35S) and appeared to contain spliceosomal complexes resistant to RNase H-mediated cleavage (data not shown). The mRNP peak gradient fractions (i.e., fractions 10 to 12) were pooled and subjected to MS2 affinity selection. The eluates contained essentially only mRNA and, in reactions performed with Ftz-M3 pre-mRNA, small amounts of pre-mRNA (Ͻ8%) (Fig. 5D) , confirming that relatively pure mRNPs had been affinity purified.
Protein composition of purified Drosophila melanogaster mRNPs. Proteins were recovered from the eluates, separated by 1D PAGE, and subsequently identified by LC-MS-MS (Table 2). More than 75 proteins were reproducibly detected in spliced Ftz mRNPs. However, a subset of these, in particular copurifying snRNP proteins or components of the 3Ј-end processing machinery (e.g., CPSF1 to -6), likely do not represent bona fide mRNP proteins, but rather contaminants (see Discussion). The majority of proteins identified in spliced mRNPs were also found in unspliced mRNPs, indicating that they can be deposited onto the mRNA in a splicing-independent manner. Proteins shared by both include the cap binding proteins CBP20 and CBP80, SR proteins, several snRNP proteins, and a large number of proteins previously detected in human spliceosomes and/or in Drosophila spliceosomes (see Table 1 ). A total of 19 proteins were exclusively detected in spliced mRNPs, indicating that they are deposited on the mRNA as a consequence of splicing. These included core components of the mammalian EJC, such as MLN51 (Barentsz in Drosophila), Magoh, and Y14. eIF4AIII was also detected in two out of three preparations of unspliced mRNP, but based on peptide numbers, it appears to be more abundant in spliced mRNPs. Only two components of the THO/TREX complex (THOC2 and THOC5), which play a role in mRNA export, were identified in spliced mRNPs. Interestingly, homologues of the human EJCassociated factor Upf2, and also Upf1, which are both involved in NMD, were identified solely in spliced mRNPs. Homologues of three proteins previously identified in human spliceosomes (SKIV2L2, EIF2C2, and RANBP2) were also specifically associated with spliced Drosophila mRNPs, together with a few proteins not previously detected in human spliceosomal complexes (e.g., a Proteins were identified by LC-MS-MS after separation by PAGE. Proteins identified in at least two out of three preparations are shown (preparations are numbered 1, 2, and 3). Proteins not reproducibly detected are summarized in Table S2 in the supplemental material. Proteins generally accepted to be common contaminants, such as ribosomal proteins, are not shown. NH, no apparent/unambiguous homologue could be detected by BLAST searches at NCBI.
b The name of the human protein is given to aid comparison with previous studies of human mRNP complexes. Proteins are grouped in organizational and/or functional subgroups.
d Data from a previous proteomics study of MS2 affinity-selected spliced (AdML-M3) or unspliced (AdML⌬I-M3) human mRNPs formed on adenovirus (Ad)-derived pre-mRNA substrate (33) are also included; a dot represents the presence of a given protein in these previously analyzed complexes.
e -, extensive homology between protein family members prevents assignment of Drosophila homologues on the basis of BLAST data.
DNAJA4, SLC26A11, DDX43, ADAM10, KIAA0265, and CG5381, which has no apparent human homologue). Taken together, these data indicate that, as in humans, many components of the EJC are deposited onto the mRNA in a splicing-dependent manner.
DISCUSSION
Here we have shown that the composition of spliceosomal B and C complexes is largely conserved between humans and flies. We also identified several Drosophila-specific spliceosome-associated proteins which may be novel splicing factors. Our studies revealed that the compositional dynamics during the transition from the precatalytic B to catalytically active C are also very similar in both organisms. By performing EM, we further demonstrated that human and Drosophila B complexes share a nearly identical 2D structure. A comparison of Drosophila spliceosomes formed on short versus long introns indicated that although there are only small differences in their protein compositions, their 2D structures clearly differ. Finally, by comparing the composition of unspliced and spliced Drosophila mRNPs, we provide evidence that many components of the EJC are deposited onto Drosophila mRNAs as a consequence of splicing. Our studies reveal a remarkable conservation of the composition and structure of human and Drosophila spliceosomes, as well as their compositional dynamics during catalytic activation.
Most spliceosomal proteins are evolutionarily conserved between humans and flies. Homologues of the vast majority of human spliceosomal proteins were detected in affinity-purified Drosophila B and C complexes. Due to the large number of proteins identified in human spliceosomes (over 150), there has been much discussion as to whether all of the identified factors are bona fide spliceosomal proteins. Most of those proteins identified in both human and Drosophila spliceosomes very likely comprise the set of functionally important factors common to most metazoan spliceosomes. It is unlikely that all proteins detected in both organisms are directly involved in splicing. Rather, some of them may have important roles in coupling the splicing machinery to other macromolecular complexes in the nucleus, including those involved in transcription and polyadenylation. Proteins found in only human or Drosophila spliceosomes are more likely to be contaminants, although some of them may have species-specific roles in splicing (see below). The conserved composition of Drosophila and human spliceosomes is also reflected in their 2D structure as evidenced by EM. That is, a highly similar morphology was observed for both B complexes (Fig. 3) . This suggests that higher-order interactions and the general spatial organization of spliceosomal subunits are also conserved between these evolutionarily distant organisms.
Identification of putative, novel spliceosomal proteins in Drosophila. A number of novel proteins, whose homologues have not been detected to date in human spliceosomal complexes, were identified in Drosophila spliceosomal complexes (summarized in Table S3 in the supplemental material), suggesting that they might be specifically involved in Drosophila splicing or in coupling the Drosophila spliceosome to other molecular machines in the nucleus. Several proteins were found in Drosophila complexes assembled on both the Zeste62 and Ftz pre-mRNA and thus could represent Drosophila-specific splicing factors required for the splicing of most introns. It should be noted, however, that some of the compositional differences observed been Drosophila and human spliceosomes might not be species-specific differences but rather arise due to differences in the cell lines used, the proteins expressed in them, and/or the extracts derived from them.
Some of the newly detected proteins have no known function but contain motifs or domains often found in splicing factors, adding credence to the idea that they are bona fide spliceosomal proteins. For example, CG7564 is closely related to the yeast U1-associated protein LUC7, which is involved in 5Ј ss recognition in yeast (15) . QKR58E-1, whose function is unknown, contains a KH domain, which is found in many proteins involved in RNA metabolism. CG1622 contains a Prp38 domain and is closely related to the tri-snRNP-associated Saccharomyces cerevisiae protein Prp38. No functions are known for the proteins rin and neos, but both contain an RRM motif, which is also characteristic of proteins involved in RNA metabolism. Aub and pep are also of particular interest as both proteins are thought to be involved in mRNA metabolism (http://beta.uniprot.org/). Aub has been shown to be required for proper localization of oskar mRNA in developing oocytes (reviewed in reference 21), and pep contains a C2H2-type zinc finger and is associated with hnRNP complexes (1). Many of the other proteins identified have been implicated in other cellular processes, such as DNA repair, cell cycle regulation, or protein transport (http://beta.uniprot.org/) (see Table S3 in the supplemental material). While this suggests that they might be contaminants, it is also possible that they have dual functions (i.e., an additional role in splicing) and/or are involved in coupling the spliceosome to other nuclear processes. Further studies are required to determine which of the newly identified proteins represent true components of Drosophila spliceosomes.
The compositional dynamics of the spliceosome are evolutionarily conserved. Comparative proteomics of human spliceosomes isolated at different stages has revealed that the spliceosome's composition is highly dynamic (reviewed in references 23 and 59). The most-dramatic change appears to occur during catalytic activation, which is accompanied by large RNP remodeling events (5) . A comparison of the composition of precatalytic B and catalytic C complexes from Drosophila revealed that the recruitment and release of factors during catalytic activation is highly conserved between humans and flies. As in humans, ϳ40 B complex proteins are lost during the B-to-C transition in Drosophila, suggesting that these factors are required prior to the first step of splicing. On the other hand, ϳ35 factors are recruited at this stage. As is the case in humans, factors required for the catalytic steps of splicing (e.g., Prp22), as well as components of the EJC complex, are first detected in the C complex (see below). However, in contrast to the situation in humans, the second-step factors Prp16 and Prp18 were not detected in affinity-purified Drosophila C complexes and Slu7 was detected in only one Drosophila C complex preparation. Thus, these factors may be less stably associated and for the most part lost during the purification of Drosophila C complexes or, alternatively, they may be generally difficult to detect by MS. As in humans, the secondstep factor hPrp17 and the first-step factor hPrp2, on the other hand, were found already in Drosophila B complexes, suggesting that these factors are recruited prior to step I of splicing. Taken together, our results indicate that several functionally important protein recruitment events taking place after B complex formation are conserved among humans and flies.
The results of recent studies indicate that two major destabilization and stabilization events accompany the B-to-C transition in humans. Specifically, marked changes in the absolute number of peptides sequenced during MS coupled with the results of immunoblotting experiments indicated that there is a reduction in proteins comprising the U2-associated heteromeric complexes SF3a and SF3b (5) . In contrast, proteins of the Prp19/CDC5 complex (and related proteins) appear to be more abundant (5) . This suggests that the former proteins are destabilized, whereas the latter are stabilized, during catalytic activation-an indication that RNA-protein and protein-protein interactions are remodelled during this stage. A comparison of the peptides sequenced for SF3a/b and Prp19/CDC5-associated proteins in Drosophila B versus C complexes suggests that similar destabilization/stabilization events (i.e., RNP remodeling) are also occurring in Drosophila. The apparent conservation of these remodeling events underscores their importance during the catalytic steps of pre-mRNA splicing.
Compositional and structural differences between B complexes formed on a long versus short Drosophila intron. In contrast to mammals, a large percentage of introns in Drosophila pre-mRNAs are less than 80 nt in length. These short introns cannot be spliced in mammals and may accordingly exhibit compositional differences from "long" Drosophila introns, which can be spliced in HeLa nuclear extract. It is thought that there are mechanistic differences between the initial recognition of splice sites defining small versus long Drosophila introns (52). Here we compared the composition of spliceosomal complexes formed on the 62-nt Zeste intron with that of complexes formed on the 147-nt-long Ftz intron. Interestingly, the results of previous studies indicate that the sequence requirements for A complex formation differ between Ftz and Zeste62 in that the latter requires both the 3Ј and 5Ј ss for complex formation (52), whereas, similar to vertebrate introns, an A-like complex forms on the isolated Ftz 3Ј exon plus flanking sequences, including the BPS and polypyrimidine tract (50) . As both introns have similar 3Ј ss sequences and uninterrupted polypyrimidine tracts of similar length, i.e., 12 (Zeste) versus 11 (Ftz), the mechanistic basis for this difference is not clear, but this region of Zeste62 apparently does not support stable U2 snRNP association on its own. Initial attempts to isolate pure Zeste62 and Ftz A complexes were not successful, and thus, we instead affinity selected B complexes.
Only a few proteins were differentially associated with Zeste62 versus Ftz B complexes. One particularly interesting difference is the presence of three additional SR proteins (9G8, SRp20, and SFRS10) in Zeste62 B complexes. SR proteins play important roles during early splicing complex formation and are involved in splice site recognition, bridging the 5Ј and 3Ј ends of the intron and stabilizing the interaction of snRNPs with the pre-mRNA (reviewed in reference 47). Thus, the expanded subset of SR proteins found in Zeste62 B complexes could potentially reflect unique cross-intron interactions in short introns that are required for stable A complex formation. Zeste62 complexes also specifically contained four novel proteins (CG7255, neos, CG17187, and CG5343). CG17187 is a member of the DNAJ family of proteins, several members of which are found in human snRNPs or spliceosomes (e.g., DNAJC6 or SPF31), and neos contains an RNA binding motif (RRM). To date, no functions have been described for either of these proteins. CG7255 contains an amino acid permease domain (http://www.expasy.org/prosite/) and is probably involved in the transport of amino acids, whereas CG5343 contains a domain of unknown function (DUF667) and has been suggested to be a transcription factor. As the sequences of Zeste62 and Ftz differ, the recruitment of unique proteins may be related purely to sequence differences rather than to intron length. Thus, it is presently not clear if one or more of these proteins are specifically involved in forming spliceosomal complexes on short introns. Clarification of this issue will require a detailed dissection of the function of those proteins specifically associated with Zeste62 spliceosomal complexes.
Despite their nearly identical protein composition, EM studies indicated that there are structural differences between Zeste62 and Ftz B complexes. The former appear more compact and have a smaller head region. Interestingly, the head domain of the human B complex has been proposed to contain the main components of the A complex (46) . Consistent with apparent mechanistic differences between long and short introns at the early stages of splicing complex formation, a smaller head domain suggests differences in the spatial organization and/or composition of components comprising this domain. In the future, a more-detailed analysis, including EM immunolabeling of spliceosomal components and 3D reconstructions, may reveal in more detail structural differences between spliceosomes formed on short and long Drosophila introns.
EJC complex proteins are recruited in a splicing-dependent manner after B complex formation. In addition to B and C complexes, we also affinity selected Drosophila mRNPs formed on Ftz mRNA. MS analyses detected ϳ75 proteins copurifying with affinity-purified spliced or unspliced mRNPs. Given that both mRNPs have an S value of ϳ22S, a subset of the identified proteins likely represent contaminants and/or are present in substoichiometric amounts. These include, among others, CPSFs (cleavage/polyadenylation specificity factors) and many snRNP proteins, which are not considered to be mRNP associated. Despite the large number of proteins identified, a comparison of spliced and unspliced mRNPs can still provide information about proteins that are recruited to mRNPs as a consequence of splicing.
Spliced Drosophila mRNPs contained several proteins not present in their unspliced counterparts, including components of the EJC. Specifically, we detected Drosophila homologues of the core components of the mammalian EJC (i.e., eIF4AIII, MLN51, Magoh, and Y14). With the exception of eIF4AIII, these proteins were exclusively found in preparations of spliced Ftz-M3 mRNP. The presence of eIF4AIII in unspliced mRNP is consistent with the results of recent pull-down experiments performed with extracts from Drosophila S2 cells expressing a glutathione S-transferase-tagged version of eIF4AIII; these studies revealed the association of eIF4AIII with both spliced and unspliced pre-mRNA/RNAs, indicating that the binding of eIF4AIII is not splicing dependent in Drosophila (60) . Human eIF4AIII, Magoh, and Y14 form a trimeric complex in the VOL. 29, 2009 PROTEIN COMPOSITION OF DROSOPHILA SPLICEOSOMES 299 absence of MLN51 (Barentsz in Drosophila), suggesting that they may bind independently of MLN51 (2) . Indeed, purified, human spliced mRNPs contained eIF4AIII, Magoh, and Y14 but not MLN51 (33) . Interestingly, eIF4AIII, Magoh, and Y14, but not Barentsz, were detected in Drosophila C complexes ( Table 1 ), suggesting that Barentsz (MLN51) associates independently of the other core EJC factors at a stage after C complex formation. Acinus and SAP18, which in humans are components of the EJC outer shell (53), were also detected but in all mRNP preparations, indicating that their association with mRNA is not necessarily dependent on splicing. Pinin could only be identified in one preparation of spliced mRNP, indicating that it might be lost during purification or is highly underrepresented. Homologues of the human EJC-associated factor Upf2 and the non-EJC factor Upf1, which are involved in NMD, were also identified in spliced Drosophila mRNPs; the NMD factor Upf3, however, was detected in only one preparation (see Table S2 in the supplemental material). Interestingly, different from mammals, in Drosophila the presence of an EJC is not required for NMD (17) . Our data indicate that Upf1 and Upf2 are nonetheless recruited to Drosophila mRNPs in a splicing-dependent manner. Surprisingly, homologues of the human EJC proteins RNSP1, Aly/REF, and UAP56 could not be identified in any of our Drosophila mRNP preparations. The latter two are also components of the THO/TREX complex, which plays a role in mRNA export in humans (reviewed in reference 42). The other TREX-associated proteins (i.e., THOC1, THOC2, THOC3, THOC5, and THOC7) which were present in human mRNPs (33) were absent or highly underrepresented (based on absolute peptide numbers) in purified Drosophila mRNPs. The apparent absence of the THO/TREX complex in Drosophila mRNPs is consistent with previous reports in which the knockdown of THO/TREX factors (with the exception of UAP56) did not affect the export of most mRNAs in Drosophila (44) .
Our results are consistent with the idea that a stable EJC also forms upstream of the exon-exon junction of spliced Drosophila mRNPs. However, formal proof for such a complex is still lacking. Although the results of recent pull-down experiments suggest that there are differences in the splicing-dependent loading of EJC factors in humans and Drosophila (60), our results indicate that the temporal association of several EJC proteins with the pre-mRNA is similar in both organisms. That is, most of the known EJC proteins identified in Drosophila spliced mRNPs were first detected in C complexes, suggesting that, as in humans, they associate during or subsequent to catalytic activation. Taken together, our analyses of Drosophila splicing complexes and spliced mRNPs suggest a remarkable degree of conservation among metazoans at the level of their protein composition and in terms of their compositional dynamics.
